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I. INTRODUCTION
T HE INFORMATION content of the measured natural thermal radiation of man-made objects and of our environment depends on the frequency, observation angle, surface roughness, chemical composition and the polarization. Dependencies of brightness temperature signatures on polarization are based on preferred orientations of the electric field vector. First, results were provided by the analysis of the measurements of the Special Scanning Microwave Imager (SSM/I). The vector of the oceanic wind speed was determined by the differences between the horizontal and vertical polarization component of the radiometric signal [1] . Based on this fact, several measurement campaigns have been carried over the target mentioned above resulting in new valuable information of the third and fourth component of the Stokes vector [2] .
One reason for the concentration on ocean surfaces and the rare collection of fully polarimetric information on other types of surfaces is on one hand the necessity of huge experimental effort and on the other hand for realistic simulations the complex correlations between object characteristics and their resulting polarimetric effects. Nevertheless, a high-resolution radiometer measurement system was designed and realized at DLR. In contrast to correlation radiometers for polarimetric measurements [3] , a quasi-optical system was developed with the goal to measure the complete Stokes vector of stationary objects on the basis of a conventional, single channel Dicke type radiometer. The advantage of this approach is the higher achievable radiometric and polarimetric accuracy, as well as the fast and precise calibration.
In this paper the measurement system, its performance, the calibration procedure, and measurement results are presented and analyzed. The selected test targets for fully polarimetric measurements are a quadratic plastic block with sinusoidal periodic surface variation, a plate of pine-wood representing a natural object, and a personal car representing a complex manmade object.
II. DESCRIPTION OF THE POLARIMETRIC RADIOMETER SYSTEM

A. Basic Definitions in Polarimetric Radiometry
Formally, with respect to an orthogonal coordinate system and an observer looking into the direction , the brightness temperature for any polarization can be expressed by the following equation (1) which is based on Poynting's theorem and the definition of the brightness temperature [4] . denotes the wavelength in free space, the Boltzmann constant, the wave impedance of the free space, the electrical field vector, the far-field distance between observer and object, and the projected area of the object along the line of sight.
Generally, there are four independent information sources in the polarization which are expressed by the modified Stokes vector and defined as [5] Re Im (2) Knowing the complete Stokes vector, the brightness temperature can be calculated for any polarization by the equation
Equations (2) and (3) form the basis for the evaluation of the system performance and calibration.
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B. Overall System Design
The schematic view on top of Fig. 1 displays the arrangement of the quasi-optical measurement system consisting of a Dicke radiometer with a corrugated horn, two parabolic offset mirrors for beam focusing and deflection, the polarization transformer for polarization selection and a scanning parabolic mirror for the generation of two-dimensional (2-D) brightness temperature images. The realized equipment is displayed in the photo in Fig. 1 .
A Dicke type radiometer with one linear receiving polarization, a LO-frequency of 90.5 GHz and an effective bandwidth of 1.0 GHz was used. The main advantage of this carefully selected system design is the very high long-time stability for the time consuming measurement process. Although the receiver noise temperature was about 3900 K, the required sensitivity was achieved by a sufficient long integration time.
To be able to measure the complete Stokes vector with a single channel radiometer, a selective transformation of the polarization must be quasi-optically performed in front of the receiver. The fully polarimetric information of the four components of the Stokes vector will be extracted from successive measurements of the antenna temperature with four independent receiving polarizations [6] .
A corrugated horn was chosen as a feed because of its rotational symmetry, nearly Gaussian radiation pattern with low side-lobes, low cross polarization, and low power loss. In the near field of this antenna, an offset parabolic mirror is located to get a narrow beam waist with plane phase fronts at the compact polarization transformer. This is important to guarantee a nearly ideal functionality of this device [7] - [9] .
For an optimal illumination of the scan mirror , the beam has to be refocused by a further offset parabolic mirror . The scan mirror can be rotated around the horizontal axis and an angular resolution of 1.0 is obtained at 90 GHz. As shown in Fig. 1 , a flat plate rotating with the scan mirror can be removed for 2-D imaging applications.
C. The Polarization Transforming Device
Because of the required radiometric sensitivity, the polarization transformer has to be a low noise device. For that reason a reflection polarization interferometer was developed. This device consists of a rotating wire grid with a metal plate located behind it. The distance between the grid and the metal plate is adjustable. The basic principle of operation is illustrated in Fig. 2 . An oblique incident beamwidth angle relative to the grid normal is completely reflected in the specular direction with the following transformed polarization: the electrical field component in direction of the grid wires projected in the incidence plane is reflected at the polarization grid; the orthogonal component passes the grid without interaction and is reflected at the metal plate before it passes the grid without a second interaction. Because of the longer path length of this beam relative to the beam reflected at the grid, a phase shift results between these two polarization components. The composition of the polarization can be adjusted with the grid angle, whereas the amount of phase shift is controlled with the distance between the grid and the metal plate.
The ideal functionality can be expressed by a matrix , which describes the transformation of the field components from the incident into the reflected beam, with the coordinate systems , and according to where (5) The angle of the grid wires projected in the incidence plane [see Fig. 2 (b)] can be expressed as (6) and the length difference between the reflection grid and the reflected beam on the metal plate The matrices for grid reflection and for grid transmission can be written as
The matrices of reflection from the metal plate and the free space transmission of length are
This leads to the following expression for the transformation matrix (9) It can easily be shown, that for any incident polarization, every arbitrary desired polarization of the reflected beam can be obtained by proper adjustments of the grid angle and the metal plate distance . Deviations from this ideal consideration are mainly due to lateral displacements between the beams reflected by the grid and the metal plate. An additional condition for high performance is the use of high-quality polarization grids. Therefore, a grid diameter of 20 m and a distance of the wire centres of 60 m was selected for the "wrapped" wire grid. The measured transmitted cross polarization in the W-band is dB, which agrees quite well with theoretical expectations [7] .
D. Quasi-Optical Beam Propagation
The beam propagation in the measurement system was developed on the basis of the quasi-optical theory. It allows the optimization of near field configurations of several mirrors with relatively low computational effort by simultaneously taking into account low spill over levels for the single components. In a first step, the system was optimized regarding only the fundamental mode. To avoid undesired radiation contributions, a spill over level of maximum dB was accepted. In a second step, an evolution of the radiation pattern of the corrugated feedhorn in Gauss-Laguerre-modes was carried out [7] , to get a more realistic estimation of the power levels at the edges of the various components. According to reality, this leads to broader diagrams especially above the power level of approximately dB than for the fundamental mode alone. These calculations were confirmed also by the measured antenna diagrams shown in Fig. 7 . The focussing properties of offset parabolic mirrors can be described with the beam parameter values of the beam waist radius and the waist location [9] . Also, to take into consideration deviations for this ideal beam transformation, effects of beam distortion and cross polarization due to the offset configuration were included by energy transfers from the fundamental mode into higher order modes [8] .
All regarded mode transformations are composed schematically in Fig. 3 . The polarization transformer is supposed to work ideally and divides the field into vector independent components following (4) to (9) .
E. Polarimetric Error Analysis
For a polarimetric description of the complete system, the global coordinate system and the measurement coordinate system , rotating with the scan mirror , form the relevant reference coordinate systems according to Fig. 1 . The scan angle is defined between the axis and with positive sign for negative scalar products . Fig. 1 shows the orientation . Because of reciprocity, the receiving polarization of the passive measurement system can also be obtained by the adequate active consideration [10] . This leads to the following expression for the unit vector of antenna polarization of the whole measurement system including the rotating reflection plate: (10) At polarization , the antenna temperature is then given by (3) with the polarimetric system coefficients from (10) . An averaging over the frequencies within the system bandwidth of the radiometer has to be performed here Re Im (11) Fig. 4 . Maximum influence of the radiometer bandwidth on the polarimetric system coefficients of (11). In Fig. 4 , the maximum variations for all four system coefficients of (11) are shown as a function of the relative bandwidth for a rectangular gain spectrum in comparison to the values at the LO-frequency. For the Dicke radiometer used here with a LO-frequency of 90.5 GHz and an effective bandwidth of about 1 GHz the effect of averaging is less than dB and can therefore be neglected.
For a better understanding of the measured Stokes vector, the parameters with respect to the measurement object shall be defined in Fig. 5 . Beneath the observation angles of the measurement object and , also the relative angle between the horizontal-, vertical-polarization basis of the object and the basis of the measurement system influences the antenna temperature in general. This rotation between the polarization basis is taken into account by the following rotational matrix: (12) which results together with the Stokes vector definition of (2) in the following correlation between the Stokes vector in the object system and in the measurement system (13) This equation implies an important information of fully polarimetric radiometer data which is useful in many applications, as it will be demonstrated in Section IV.
III. PERFORMANCE AND CALIBRATION OF THE IMAGING SYSTEM
Prior to the use of the quasi-optical system, which consists of several components located in the near field to each other, a verification of the functionality is required. This includes the verification of the beam propagation system as well as the polarimetric system calibration.
A. Beam Propagation Performance
With regard to the beam propagation, the H-plane radiation patterns of the corrugated feedhorn were measured in the near field at distances from the aperture of 150 and 300 mm, using a vector network analyzer. In Fig. 6(a) , the measurement results from the radiation patterns show a very high agreement with the Gaussian mode theory, which assumes the approximation of the hybrid mode condition to be fulfilled ideally. Obviously this is valid for a wide range of frequencies as can be seen from Fig. 6(b) . Here, the total beamwidth at an aperture distance of 150 mm are shown for three different power levels of , , and dB with dependence on the frequency range in W-band.
The properties of the Gaussian beam were examined by directing the beam under clear sky conditions to the radiometrically cold sky. The amplitude distribution was verified by moving a wooden rod through the beam, which was small compared to the beamwidth. Here, the rod acted as a radiometrically warm source to get a maximum contrast to the cold brightness temperature of the sky.
In Fig. 7 , measurement results of the radiation patterns in the E and H-plane in a distance of 2 m behind the rotating reflection plate are shown. Measurements and simulations are in accordance almost to the limits of the measurement accuracy of about dB.
B. Design of a Polarimetric Calibration Target
The polarimetric system calibration is necessary in order to determine the zero positions of the system parameters , and , and the deviations to the ideal performance. The calibration task is to get the actual values of the system parameters Re , and Im with dependence on the adjustments of the parameters mentioned in (12) .
Since the vector of the antenna polarization is a unit vector, the four polarization coefficients are not fully independent. They can be expressed through the following equation:
The complete polarimetric system calibration can be achieved already with three independent and known incident Stokes vectors, which only contribute to the first three components. Theoretically, such Stokes vectors can be obtained from a smooth dielectric plate observed from different directions and illuminated by the clear sky radiation.
In the object coordinate system, such plates have only contributions in the first two components of the Stokes vector , and can be expressed by (15) with the physical temperature , the reflection coefficients and for horizontal and vertical polarization, respectively, and the unpolarized clear sky radiation temperature (annotations see Fig. 5 ). The Stokes vector in the measurement system is given by aid of (13) as (16a) where the contrast in temperature is given by (16b)
In the case of , three independent Stokes vectors can be obtained with three adequate object orientations by this equation, e.g., for the different values , and and leaving the other parameters constant.
While the determination of the geometric parameters and the measurement and is relatively easy, the precise values for the reflection coefficients are difficult to determine. Basically, they can be calculated from the Fresnel equations for optically thick probes by knowledge of the dielectric constant . The material PVC was used due to the complex value with for the dielectric constant is measurable with sufficient precision, e.g., with the resonator method [12] . Additionally, this material can guarantee sufficient optical thickness at a geometrical thickness of about 7 cm. A surface of about 1 1 m is necessary to avoid clutter at oblique observing directions. These dimensions result in a weight of about 100 kg for this plate, which could be handled only by dividing the probe in several layers of identical material. Unfortunately, small air gaps between the plates are inevitable, which can cause strong influence on the reflection coefficients even when their thickness is only about 0.1 mm. As an alternative to the optically thick plate, a relatively thin dielectric layer with a backsticked aluminum plate is a suitable calibration target and is used in reality. 
C. Polarimetric Calibration Procedure and Results
The theoretical calculations of the reflection coefficients of the calibration object, using a multilayer scattering model, show a strong dependence on the exact values of the dielectric constant and the thickness. In reality the homogenuity and precision of these parameters is not sufficient for a computation of the reflection coefficients with the necessary accuracy.
Therefore the polarimetric calibration was carried out not with the use of the values for reflection coefficients but with an additional semiempiric model for the polarimetric parameters. This model resulted from measurements of the antenna temperature of a PVC plate with a thickness of 10 mm backsticked on an aluminum plate. The calibration was carried out with dependence on the parameters of the polarization transformer, the grid angle and the metal plate distance s at an orientation with . Because these measurements verified a nearly ideal system performance, the model is also close to the ideal description requiring four parameters. Their values were determined by measuring the antenna temperature of the metal backed PVC plate at four orientations (with ) with many different adjustments of the polarization transformer, respectively. The measurement result at one object orientation as a function of adjusted grid angle and metal plate distance is shown in Fig. 8(a) .
After an optimal adaptation of the model parameters to the measurements for all orientations, a mainly statistical deviation of about 0.8 K remains between model and measurement according to Fig. 8(b) . This corresponds to an average error of about 1.5% for the polarimetric system coefficients.
IV. SELECTED EXAMPLES OF FULLY POLARIMETRIC MEASUREMENT RESULTS
A. Plastic Surface With a Periodic Sinusoidal Surface Structure
Optically thick plates with a periodic surface are one of the few demonstration objects with considerable polarimetric contributions of the brightness temperature to the third and fourth component of the Stokes vector. For these types of surfaces a numerically exact model exists, which also can mechanically be manufactured with the required accuracy for evaluation by measurements [1] , [2] . A PVC plate with the size of 1 1 m , a thickness of 7 cm, a period of 8 mm, and an amplitude of 1.8 mm for the sinusoidal surface was investigated (see Fig. 9 ). For the measurement of the Stokes vector with dependence on the observation angle, the periodic structure was positioned in a corresponding frame. The angle around the horizontal axis was varied for the measurements.
For numerical simulations of the Stokes vector the following equation describes the brightness temperature dependent on polarization p and direction (14) In the first term, the contribution of the emission, the observable physical object temperature is multiplied by the emissivity, which can be expressed by the general law of Kirchhoff [1] .
is the bistatic power reflection coefficient of the incidence direction with polarization , and the observation direction , the polarization , respectively. In the second term, the reflection coefficients are weighted by the measurable unpolarized brightness temperature of the sky , summed over all possible contributing incidence angles. Using (3) for the four independent polarizations to , the Stokes vector can be obtained by inversion of a matrix equation.
The main part of the simulation is the computation of the bistatic reflection coefficients with the exact numerical model of the periodic surfaces [4] , [13] . The scattered fields are expressed by integrals over the surface fields and Green's theorem. In consideration of the changes in emissivity into such directions of observation, where one of the reflecting modes only grazes the boundary conditions for the continuity of the electric and magnetic field, a system of implicit integral equations for the surface fields is obtained, which can be solved with the method of moments. Here, a Fourier series expansion and for comparison also a point-matching-method on the basis of step functions were used [13] .
The periodic structure of the surface is responsible for contributions to the reflection into discrete directions including the specular direction, known as Floquet modes. The character of this mode leads to abrupt changes to a non radiating state, i.e., an evanescent mode.
In Fig. 9 this effect is apparent for the horizontal polarization at , whereas the theoretical prediction of shows Nevertheless, the deviations to the simulation are higher than the measurement accuracy of about 0.8 K, and some additional periodicities according to are detectable in the measurements. They are generated by reflections from the bottom line of the probe as well as by unavoidable small air gaps between the different layers of the PVC block. Results from an additional measurement emphasize this assumption, where a controlled air gap of 1mm was inserted below the first two plates. Fig. 9 demonstrates that small changes lead to strong deviations of the brightness temperature. The influence of the air gap is different for all four Stokes vector components. While shows small periodic variations, the monoton dependency of for is influenced weakly. Concerning the smaller changes are stronger depending on the observation angle, whereas the graph of the fourth component is disturbed totally. Variations of up to 10 K are obtained, which is a very high value for a material with such a small dielectric constant. Those strong effects for small object modifications lead to the assumption, that the third and fourth Stokes vector component contains independent information for material analysis and testing.
B. Natural Surface of a Pine-Wood Plate
Measurements of natural materials can also imply significant polarimetric information as demonstrated in the example of a pine-wood plate in Fig. 10 . These measurements were motivated by the anisotropic structure of wood resulting from the preferred directions of the texture and the related anisotropic pemittivity. Simulations for dielectric bianisotropic half spaces with smooth surfaces show polarimetric effects which are strongly different in isotropic materials.
In contrast to an isotropic smooth plate, the bianisotropy shows an almost sinusoidal variation of the azimuth angle for all components of the Stokes vector. The texture of the wooden plate shows a preferred direction and many local inhomogenuities with the dimensions comparable to the wavelength. Also a partly anisotropic surface roughness in the order of a millimeter causes considerable deviations of a smooth surface, and the realization of an optical thick half space is not guaranteed with a 30-mm-thick wooden plate. In Fig. 10 , the measurement results for clear sky conditions are presented together with simulated brightness temperatures of a bianisotropic half space with smooth surface. Presented together with simulated brightness temperatures of a bianisotropic half space with smooth surface.
Concerning the simulations, the contribution of reflection was taken into account by the measured brightness temperature of the sky from the specular direction. The comparison between the measurement and the simulation leads to the following results: for , the azimuth dependency shows increasing variations with increasing incidence angles , and of 4, 10, 14, and 15 K, respectively. A sinusoidal variation of about 4-6 K and almost independent on the angle is observed for the third component . Even for this oscillation of a maximum dynamic range of 2-3 K can significantly be recognized in the data. All these aspects are in accordance with the simulations expected for the bianisotropic model. The irregular fluctuations indicate inhomogenuities in the material.
is only weakly influenced, whereas responds obviously much stronger to the local inhomogenuities, being in the order of about 6-10 K. For the simulations, the two dielectric parameters and in and direction were adapted to the measurement results to reproduce the mean variations of , and in dependence on the angle . Therefore, the dielectric constants were changed to and . These values are in agreement with other measurements from dry wood at 94 GHz [10] .
The previous investigations of the Stokes vector dependence on the observation angle show principally that object anisotropy in form and material inhomogenuity are responsible for polarimetric effects. They generally appear at many complex objects in our environment. Such objects are of great interest in future remote sensing applications, e.g., agricultural areas or subsurface antipersonal mines.
C. Two-Dimensional Imaging of a Personal Car
To use the measurement system for 2-D imaging, the reflecting plate (see Fig. 1 ) has to be removed. The rotation of the scanning mirror results in a one-dimensional line scan. For the second dimension, the side-looking measurement system was mounted on a vehicle, which was moved orthogonally to the scan on a railway. The measurement results of a personal car on grassland are displayed in Fig. 11 . This relatively complex object has much larger extension compared to the size of the geometrical resolution of about 20 20 cm at the location of the car.
The calibrated measurement results for horizontal and vertical polarization in Fig. 11(a) and (b) show relatively similar images, characterized by the radiation from the grassland whereas the upwards pointing metallic parts reflect the relatively cold and unpolarized brightness temperature of the sky. Only the dielectric parts show relevant polarized behavior with about 30 K higher values in than in . This reflection behavior is well known from the Fresnel equations.
Of special interest is the analysis of the third Stokes vector component of Fig. 11 (c), which shows extraordinary high values for the dielectric parts between K and K. These high values are due to a rotation between the polarization basis of the dielectric areas and the measurement system. For such objects with , and in the object system, there exists a direct relation between the corresponding rotation angle and the measurement values of the first three Stokes vector components, which can be deduced from (16) By this equation, interesting information about the object orientation is extractable from polarimetric radiometer data without any additional information about the material. For the wind shield, having a value of K, the angle of polarization rotation extracted from the measurements is . Considering the limits of accuracy, this agrees well with the real value of about , which was computed from the known measurement and object geometry. This effect is also valid for the high values of K for the side screens, whereas the cooling plates show mean contributions of K. The fourth component V, displayed in Fig. 11(d) , shows defined structures, which correlates partly with the edges of the car. The effect of slightly different observation directions of the measurement system of maximum 0.1 for different polarizations can cause such squint effects which are difficult to avoid.
They can contribute to these types of artefacts as confirmed by simulations.
The demonstrated information content about the orientation of objects in fully polarimetric radiometer data could lead to new applications, e.g., for terrain models or object classifications. Based on the results of the periodic surface and the wooden plate, which suggest possible applications for material testing purposes, the fully polarimetric radiometer data demonstrated new sources of information which could lead to many practical new applications. However, this field of research is rarely explored to date.
V. CONCLUSION
The functionality and the design of a quasi-optical fully polarimetric imaging radiometer system based on a Dicke radiometer at 90 GHz was explained, as well as the developed compact and low noise polarization transformer. The cross polarization was measured below dB. The applied theory of Gaussian mode expansion in this complex beam propagation system with low spill over show a very high agreement with the measured system performance. The excellent confirmation of the radiation pattern of the corrugated feedhorn in the near field as well as the purely radiometric verification of the complex beam propagation system were in good agreement with the theoretical calculations.
The polarimetric system calibration is based on the measurement of a simple dielectric half space with smooth surface under different orientation angles. The calibration results demonstrate the nearly ideal polarimetric functionality of the complete system, especially of the polarization transformer. The radiometric sensitivity could be determined with a value of 0.8 K, which corresponds to a system error of 1, 5%.
The measurement results of a PVC probe with a sinusoidal periodic surface with dependence on the observation angle could be compared with exact numerical simulations. With these investigations, the theory as well as the polarimetric calibration procedure could be verified. The strong influence of small object modifications to the signature of the Stokes vector indicate possible applications of polarimetric radiometry in the field of material testing. This assumption was confirmed by the measurement result for a pine wood plate. The different object characteristics, e.g., the bianisotropy and inhomogenuity can be extracted simultaneously from the Stokes vector signatures because of their different effects on the single components.
The 2-D high-resolution fully polarimetric radiometric measurement of a personal car at 90 GHz showed a new method for the determination of the orientation of objects. This polarimetric information gain could be used especially for more efficient automatic classification purposes.
In all measurement examples a significant contribution of the third component of the Stokes vector with variations up to 100 K was observed. The fourth component shows minor variations up to 10 K which is still clearly above the system sensitivity of about 1 K.
The measurement results, acquired with the high-resolution measurement system at 90 GHz demonstrates the high potential of polarimetric radiometry measurements of our environment.
Fully polarimetric investigations are an important contribution for an increasing exploitation of the information content of the electromagnetic radiation for potential future applications.
